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Background: Diffusion imaging tractography is increasingly used to trace critical ﬁber tracts in brain tumor pa-
tients to reduce the risk of post-operative neurological deﬁcit. However, the effects of peritumoral edema pose
a challenge to conventional tractography using the standard diffusion tensor model. The aim of this study was
to present a novel technique using a two-tensor unscentedKalman ﬁlter (UKF) algorithm to track the arcuate fas-
ciculus (AF) in brain tumor patients with peritumoral edema.
Methods: Ten right-handed patients with left-sided brain tumors in the vicinity of language-related cortex and
evidence of signiﬁcant peritumoral edema were retrospectively selected for the study. All patients underwent
3-Tesla magnetic resonance imaging (MRI) including a diffusion-weighted dataset with 31 directions. Fiber
tractography was performed using both single-tensor streamline and two-tensor UKF tractography. A two-
regions-of-interest approach was applied to perform the delineation of the AF. Results from the two different
tractography algorithms were compared visually and quantitatively.
Results: Using single-tensor streamline tractography, the AF appeared disrupted in four patients and contained
few ﬁbers in the remaining six patients. Two-tensorUKF tractography delineated anAF that traversed edematous
brain areas in all patients. The volume of the AF was signiﬁcantly larger on two-tensor UKF than on single-tensor
streamline tractography (p b 0.01).
Conclusions: Two-tensor UKF tractography provides the ability to trace a larger volume AF than single-tensor
streamline tractography in the setting of peritumoral edema in brain tumor patients.© 2015 Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The purpose of brain tumor surgery is to achieve maximal lesion re-
moval while maintaining or improving neurological function. For brain
tumor resection, it is important to identify the key white matter tracts
pre- or intra-operatively to avoid damaging them during surgery
(Elhawary et al., 2011; Nimsky et al., 2007). Diffusion tensor imaging
(DTI) tractography provides an innovative tool for investigating whiteurgery, Brigham and Women3s
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en access article under the CC BY-NCmatter architecture in vivo (Tournier et al., 2011). The use of this tech-
nique has been increasing in neurological surgery in recent years (Liu
et al., 2011; Castellano et al., 2012). However, the effects of peritumoral
edema pose a major challenge to conventional DTI tractography when
tracing ﬁber tracts that are adjacent to malignant tumors (Zhang et al.,
2013; Schonberg et al., 2006; Kinoshita et al., 2005). Peritumoral
edema is usually related to dysfunction of the blood brain barrier that
causes ﬂuid to leak into the extracellular space, resulting in image
voxels that contain part cerebral parenchyma and part extracellular
water (Pasternak et al., 2009). DTI tractography (Basser et al., 2000),
while robust, uses a single-tensor model that is inadequate in the case
of partial volume, crossing ﬁbers, and edema (Nimsky, 2014; Duffau,
2014).
In patients with brain tumors in the vicinity of language areas, deﬁ-
nition of the relationship between language pathways and the surgical
lesion becomes important. Classically thought to connect anterior-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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ciculus (AF) is a C-shaped structure that connects temporal, parietal,
and frontal lobes (Catani and Mesulam, 2008). The AF is arguably the
most signiﬁcant whitematter ﬁber tract associatedwith language func-
tion, although there is some debate over the precise functional deﬁcit
that may accompany damage to it (Dick and Tremblay, 2012), as well
as over the relationship of standard DTI tractography of the AF with
functional areas. In a study using cortical stimulation for languagemap-
ping in focal epilepsy, DTI tractography of the AF colocalized well with
Broca3s areas but less so with Wernicke3s areas (Diehl et al., 2010),
while in another study, it was noted that DTI tractography connected
to motor and premotor areas rather than to Broca3s anterior language
area (Bernal and Ardila, 2009). Thus in the clinical context, tracing of
the AF poses a challenge.
To improve ﬁber tracking, it is becoming accepted that methods
must move beyond the diffusion tensor (Nimsky, 2014; Farquharson
et al., 2013; Fernandez-Miranda, 2013). Identifying a robust model to
interpret thediffusion signal is thus of importance. In addition tomodel-
ing, the method chosen for tractography is still an open question in the
diffusion neuroimaging analysis ﬁeld (Jbabdi and Johansen-Berg, 2011),
thus it is important to test tractographymethods in clinical data, includ-
ing in patientswith brain tumors and edema. In thiswork,we evaluated
the two-tensor unscented Kalman ﬁlter (UKF) tractography framework
(Malcolm et al., 2010),where a two-tensormodel isﬁt to the underlying
data during the process of ﬁber tracking. The UKF tractographymethod
was initially designed for neuroscientiﬁc studies, such as detection of
abnormalities in ﬁrst-episode schizophrenia (Rathi et al., 2011). In con-
trast to other methods that ﬁt a model to the signal independently at
each voxel (Qazi et al., 2009), in the UKF framework (Wan and Van
Der Merwe, 2000) each tracking step employs prior information from
the previous step to help ﬁt and stabilize the model. The concept of
employing information from the previous step during tracking (in an
earlier DTI-based approach called tensor deﬂection; Lazar et al., 2003;
Weinstein et al., 1999; Westin et al., 2002) has been shown to improve
neurosurgical tractography (Feigl et al., 2014). In healthy subject data, it
has been shown that for clinically typical diffusion data (b-value near
1000 s/mm2), two-tensor UKF tractography outperforms other models
such as spherical harmonics in terms of tractography coverage of ex-
pected connections (Baumgartner et al., 2012).
The aim of this study was to determine whether two-tensor UKF
tractography could improve the tracking of AF in brain tumor patients
with peritumoral edema.
2. Materials and methods
2.1. Patient selection
We retrospectively evaluated all consecutive brain tumor patients
who had undergone functional MRI and diffusion imaging through De-
cember 2008 and June 2012 at Brigham andWomen3s Hospital. Patients
were selected for inclusion if they met the following criteria: (1) Brain
tumor patients with peritumoral edema in the vicinity of the languageTable 1
Patient demographics.
Patient Age (years) Sex Presentation
1 54 F Facial twitching, word-ﬁnding difﬁc
2 37 M Seizures, word-ﬁnding difﬁculties
3 77 M Slurred speech, word-ﬁnding difﬁcu
4 56 F Headaches, word-ﬁnding difﬁcultie
5 48 F Headaches, speech difﬁculties
6 44 M Slurred speech, abnormal facial mov
7 64 F Sub-acute aphasia
8 41 F Headaches, word-ﬁnding difﬁcultie
9 43 M Seizures
10 60 F Facial twitching, speech arrest
WHO, World Health Organization.cortex; (2) patients were native English speakers and right-handed as
determined by the Edinburgh Handiness Inventory (Oldﬁeld, 1971);
(3) patients were left-hemisphere dominant for language according to
functional MRI results. Exclusion criterion: The reconstructed AF did
not pass through the peritumoral edema. In this study, a total of 126
brain tumor patientswhohad undergone functional and diffusion imag-
ing were identiﬁed. 13 of these patients met the inclusion criteria, and
after AF reconstruction 3 of the 13 met the exclusion criteria. After the
exclusion of ineligible subjects, the study included 10 patients (4 male,
6 female; age range 37–77 years). We note that our initial goal was to
include at least 10 subjects in the study; this goal was achieved by eval-
uating consecutive patients up to June 2012. Detailed patient demo-
graphics, including clinical presentation, tumor histology and tumor
localization, are detailed in Table 1. The studywas approved by the Part-
ners Healthcare Institutional Review Board, and informed consent was
obtained from all participants prior to scanning.
2.2. MRI acquisition
MR images were obtained using a 3-Tesla scanner (EXCITE Signa
scanner, GE Medical System, Milwaukee, WI, USA) with Excite 14.0,
using an 8-channel head coil and array spatial sensitivity encoding tech-
nique (ASSET). High resolution whole brain T1-weighted axial 3D
spoiled gradient recalled structural images (TR = 7500 ms, TE =
30ms, matrix= 512 × 512, FOV=25.6 cm, ﬂip angle= 20°, 176 slices,
voxel size= 0.5 × 0.5 × 1mm3) were acquired. Diffusion weighted im-
ages were acquired using EPI with 8 channel head coil and ASSET (TR=
14,000 ms, TE = 75.4, 31 gradient directions evenly distributed on the
sphere, b-value of 1000 s/mm2, 1 baseline image, FOV = 25.6 cm,
matrix= 128 × 128, 44 slices, voxel size= 2 × 2 × 3mm3). Acquisition
of structural, diffusion, and functional imaging datasets took 45–60min
per patient.
2.3. Preprocessing of DTI data
3D Slicer (http://www.slicer.org, version 4) was used to convert the
raw data from DICOM format into NRRD format (Gering et al., 2001).
DTIPrep (http://www.nitrc.org/projects/dtiprep) was used to perform
quality control (Liu et al., 2010), which included artifact correction/
removal as well as eddy-current and headmotion artifacts correction
by registration to the baseline image. In 3D Slicer, fractional anisot-
ropy (FA) maps were created and the standard color scheme was
used to visualize the DTI eigenvector orientations (with blue indicat-
ing superior–inferior, red indicating transverse, and green indicating
anterior–posterior) and brightness controlled by FA. Then, both
single-tensor streamline and two-tensor UKF tractography were ap-
plied to each diffusion MRI dataset.
2.4. Single-tensor streamline tractography
For each dataset, a binary brain mask was computed in 3D Slicer
from the diffusion images to restrict tractography (see below) to withinPathology Localization
ulties Glioblastoma multiform, WHO IV Fronto-parietal
Recurrent oligodendroglioma, WHO II Frontal
lties Glioblastoma multiform, WHO IV Temporo-parietal
s Glioblastoma multiform, WHO IV Temporal
Glioblastoma multiform, WHO IV Parieto-occipital
ement Anaplastic oligodendroglioma, WHO III Frontal
Glioblastoma multiform, WHO IV Temporal
s Anaplastic oligodendroglioma, WHO III Frontal
Glioblastoma multiform, WHO IV Temporal
Atypical meningioma, WHO II Frontal
817Z. Chen et al. / NeuroImage: Clinical 7 (2015) 815–822the brain. Single-tensor streamline tractography was performed in the
3D Slicer using the second-order Runge–Kutta (midpoint) method.
Whole brain tractography was seeded within the brain mask in all
voxels where single tensor FA was greater than 0.15. Tractography
stopped when FA fell below 0.15.
2.5. Two-tensor UKF tractography
First proposed by Malcolm et al. (2010), the two-tensor UKF
algorithm performs simultaneous ﬁber model estimation and neural
tractography. In this method, the signal is modeled as a mixture of
two tensors, and tractography is performed within a ﬁltering frame-
work. Starting from a seed point, each ﬁber is traced to its termination
using UKF to simultaneously ﬁt the local model to the signal and subse-
quently propagate in the most consistent direction.
The two-tensor UKF tractography was conducted in high perfor-
mance computing clusters (HPC) and used to trace whole brain ﬁber
tracts. As in single tensor tractography (above), the tractography was
seeded within the binary brain mask in all voxels where single tensor
FA was greater than 0.15, and tractography stopped when FA (of the
tensor being tracked) fell below 0.15. In addition to the FA thresholds,
the UKF method uses an additional value, the generalized anisotropy
(GA), to further restrict tracking to regionswhere a two-tensor ﬁt is rea-
sonable. Based on the variance of normalized diffusivities, GA is sensi-
tive to the presence of anisotropic structure such as that of ﬁber
crossings. The GA threshold for seeding is always 0.18 in the UKFmeth-
od. The GA was also employed as an additional stopping criterion, and
we used the default value of 0.10. The results from whole brain
tractography based on the two-tensor UKF algorithm were imported
into 3D Slicer for further analysis.
2.6. Fiber bundle selection
Fiber bundle selection was performed in the 3D Slicer platform. A
two-ROI approach was employed in the selection of the AF (Wakana
et al., 2004). The speciﬁc ROIs were determined by a clinically trained
neurosurgical research fellow (Z.C.) based on the color-coded FA map
and structural images. A coronal slice at the level of the pre-central
gyrus was chosen for drawing the ﬁrst ROI (Catani and Thiebaut de
Schotten, 2008). The author manually deﬁned the ROI that encompassed
all green voxels lateral to the blue corona radiata (Kamali et al., 2014). The
second ROI was drawn on the axial slice at the level of the anterior com-
missure and encompassed all the posterior periventricular blue voxels
(Kamali et al., 2014). Nearby isotropic voxels were included if these re-
gions were affected by peritumoral edema. Using an “AND” operation,
the ﬁber bundle that passed through the two ROIs was tracked. No way-
point or exclusion masks were used.
If the single-tensor streamline whole brain tractography, combined
with the two-ROI ﬁber bundle selection, failed to detect any ﬁber
tract, the Tractography Fiducial Seeding module (Golby et al., 2011),
which employs the single-tensor streamline algorithm in 3D Slicer,
was used as an alternative tool to track potentially disrupted AFs. The
tool3s interactive ﬁber tracking enabled detection of shorter ﬁbers that
did not reach both ROIs. For visualization of ﬁber tracts overlaid on
anatomy, diffusion baseline images were automatically registered to
structural images using the General Registration (BRAINS) module
(Johnson et al., 2007) in 3D Slicer and manually checked to conﬁrm ap-
propriate registration.
2.7. Volume measurement of the AF
The measurement of the AF volume is a proxy for “connection
strength” or “connection completeness” and is very commonly per-
formed in studies using tractography (Forkel et al., 2014; Fletcher
et al., 2010; Propper et al., 2010; Matsumoto et al., 2008; Li et al.,
2013; Halwani et al., 2011). The Fiber Bundle to Label Map module in3D Slicer was used to transform the AF into a label map (a segmented
image volume, in this case a binary mask). This module sets a speciﬁed
label value in the label map at every vertex of each of the ﬁbers in each
AF. Then, the Label Statistics module was applied to calculate the label
volume. The volume of the AF was deﬁned as the volume of the voxels
occupied by the ﬁbers in each subject (Propper et al., 2010).
2.8. Statistical analysis
Statistical analysis was performed using STATA (version 11.0;
StataCorp, College Station, TX, USA). Standard summary statistics were
used to describe the volume measurement data. Paired t-tests were
used to compare means across tractography methods. A value of
p b .05 (two-tailed) was considered statistically signiﬁcant.
3. Results
The single-tensor streamline and two-tensor UKF ﬁber tractography
resultswere compared visually and quantitatively, and the evaluation of
the AF was based on knowledge of neuroanatomy. When using single-
tensor streamline tractography, the AF appeared disrupted in four of
ten patients, while the remaining six patients displayed thin ﬁber bun-
dles. In contrast, the two-tensor UKF tractography produced an AF that
appeared anatomically intact in all ten patients. In general, the two-
tensor UKF tractography provided the ability to trace the AF more
fully than the single-tensor streamline tractography in the setting of
peritumoral edema. The procedure for single-tensor streamline whole
brain tractography took 5–10 min on a desktop computer while two-
tensor UKF tractography required up to 20 min for a single subject in
the HPC.
3.1. Case illustration
We have illustrated the differences in four selected cases (Figs. 1–4).
3.1.1. Patient 1
Fig. 1 shows images from patient 1 who presented with episodes
of facial twitching and word-ﬁnding difﬁculties. T2-weighted ﬂuid-
attenuated inversion recovery MRI showed an extensive inhomoge-
neous lesion at the left frontal parietal junction. The region of T2 prolon-
gation extended to the parietal white matter as well as the internal and
external capsule (Fig. 1A). The lesion showed inhomogeneous enhance-
ment after injection of Gd-DTPA (Fig. 1B). The enhancing region extend-
ed fairly deep into the left hemisphere.
Fig. 1C and D presents axial and coronal views of the color-coded FA
maps respectively. The AF appeared disrupted (shown by the arrows in
Fig. 1C and D) by edema when compared with the healthy hemisphere.
In this patient, we found that the single-tensor streamline whole
brain tractography combined with two-ROI approach failed to display
the AF. Then, ﬁducial-based interactive tractography was used to track
the potentially disrupted AF. Fig. 1E and G shows that ﬁducial-based in-
teractive tractography tracked few frontally locatedﬁbers (yellow) near
the tumor (green surface model). No temporal ﬁbers were traced using
ﬁducial-based interactive tractography.
In contrast, two-tensor UKF tractography (red) demonstrated a
frontotemporally arching ﬁber bundle (Fig. 1F and H). The temporal pro-
jections of the ﬁber tracts reached the superior, middle and inferior tem-
poral gyri, while the frontal projections reached the pars opercularis, pars
triangularis and themiddle frontal gyrus. The results from the two-tensor
UKF tractography corresponded to the usual anatomical descriptions of
the AF (Catani and Mesulam, 2008; Dick and Tremblay, 2012).
3.1.2. Patient 2
Fig. 2 shows images frompatient 2, a 37-year-oldmalewhopresented
with seizures,wordﬁndingdifﬁculties and short-termmemoryproblems.
He was originally diagnosed with a left frontal oligodendroglioma and
Fig. 1. Images from patient 1 with a left fronto-parietal lesion. Fluid-attenuated inversion recovery image demonstrates extensive edema around the lesion (A). T1-weighted postcontrast
image shows a fronto-parietal junction tumor with signiﬁcant enhancement (B). Color-coded FA maps (C and D) appear to indicate the AF is disrupted by peritumoral edema (arrows).
Single tensor model reconstruction of the AF (yellow) fails to track the ﬁber tracts that run through the edematous area (E and G) near the tumor (green model). However, two-tensor
unscented Kalman ﬁlter (UKF) tractography (red) shows that the temporal projections of the ﬁber tracts reach the superior, middle and inferior temporal gyri and the frontal projections
reach the pars opercularis, pars triangularis and the middle frontal gyrus (F and H).
818 Z. Chen et al. / NeuroImage: Clinical 7 (2015) 815–822underwent surgical resection in 2002 and 2004. Hewas followed upwith
serial scans and there was evidence of radiographic progression in 2010.
Fig. 2A and C shows that single-tensor streamline tractography did not
trace through the edema (arrow). However, the two-tensor UKF method
depicted ﬁbers passing through the peritumoral edema (Fig. 2B and D,
arrow).
3.1.3. Patient 4
Fig. 3 demonstrates images from patient 4, who presented with left-
sided headaches and developed word-ﬁnding difﬁculties. Axial thin-slice T2-weighted images showed a 3.5 cm mass lesion (green surface
model) in the left lateral temporal lobe close to the temporo-parietal
junction, with surrounding white matter edema extending to the
posterior aspect of the left internal and external capsules. Fig. 3A
shows the ﬁber trajectory reconstructed by single-tensor streamline
tractography. This image appears to show a disrupted AF, terminating
in the peritumoral edema margin in the vicinity of the supramarginal
gyrus (arrow). However, two-tensor UKF tractography delineated
frontotemporally arching ﬁbers running through the T2-bright area
(Fig. 3B, arrow). 3D lateral views of the results from two different
Fig. 2. Images from patient 2 with recurrent oligodendroglioma (A and C, arrow). Single-tensor streamline tractography fails to track the portion of AF going through the edema (B and D,
arrow). Two-tensor UKF tractography depicts an intact AF, successfully tracking through the peritumoral edema.
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tractography displayed a small frontal ﬁber bundle (Fig. 3C) while
two-tensor UKF tractography output a larger and longer ﬁber bundle,
particularly displaying the arc around the Sylvian ﬁssure (Fig. 3D).Fig. 3. Images from patient 4. (A and C) Single-tensor streamline tractography (yellow) appea
(arrow). (B and D) Two-tensor UKF tractography produces a frontotemporally arching tract ru3.1.4. Patient 8
Fig. 4 shows images from patient 8, who presented with headaches
and word ﬁnding difﬁculty. Axial and coronal T2-weighted images
(Fig. 4A and B respectively) show an abnormal area of T2 prolongationrs to indicate a disrupted AF, terminating in the vicinity of the peritumoral edema margin
nning through the T2-bright area (arrow).
Fig. 4. Images frompatient 8whopresentedwithword-ﬁnding difﬁculties. Axial (A) and coronal (B) T2-weighted images showa lesion involving the left frontal lobe, the left insula, the left
external capsule and the anterior left temporal lobe. We highlight the frontal part of AF (circled). (C) Single-tensor streamline tractography tracks a small ﬁber bundle posterior to the
tumor. (D) Two-tensor UKF tractography tracks the AF through the edematous area, adjacent to the tumor.
820 Z. Chen et al. / NeuroImage: Clinical 7 (2015) 815–822involving the left frontal lobe, the left insula, the left external capsule
and the anterior left temporal lobe. Fig. 4C and D highlights the recon-
struction of the frontal part of the AF (circled) from the two different al-
gorithms. Single-tensor streamline tractography produced a thin ﬁber
bundle behind the tumor (Fig. 4C). A fuller depiction of the AF was ap-
parent using two-tensor UKF tractography (Fig. 4D).3.2. Volume analysis
The volumes of the AF from two-tensor UKF tractography were
signiﬁcantly greater than those from the single-tensor streamline
tractography method (Fig. 5). In our patient dataset, the single-tensor
streamline group mean (SD) left AF volume in mm3 was 2201.9
(2294.7), while the two-tensor UKF group mean (SD) left AF volume
in mm3 was 11,685.4 (6970.9), two-tailed p b 0.01.0
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Fig. 5. Bar graph showing a signiﬁcant difference between the volumes of the arcuate fas-
ciculi asmeasuredby single-tensor streamline and two-tensorUKF tractographymethods,
n = 10, p b 0.01, two-tailed paired t-test.4. Discussion
Our results show that two-tensor UKF tractography traces a larger
volume of AF than single-tensor streamline tractography in the setting
of peritumoral edema. In the ten patients studied, the two-tensor UKF
tractography reconstructed AF was consistent with the expected anato-
my of the AF (Catani and Mesulam, 2008; Dick and Tremblay, 2012).
It is important to note that the performance of two-tensor UKF
tractography in tracing the AF in our study may be partly due to its
ability to improve the mapping in areas of crossing ﬁbers. In healthy
controls, anatomical studies of the AF have been performed using
methods for modeling crossing ﬁbers. For example, a study using data
with a b-value of 1000 and probabilistic tractography demonstrated
multiple frontal and temporal connections of AF (Rilling et al., 2008),
while another study, performed using q-ball high b-value imaging,
found the AF connected instead to areas superior to Broca3s (Frey
et al., 2008). In related work, O3Donnell et al. (2013) demonstrated
that ﬁbers passing through the putative Wernicke3s activation robustly
reached the putative Broca3s activation only with the two-tensor UKF
model in a healthy subject, when compared to single-tensor methods.
Though there is debate about the precise connections made by the AF
(Dick and Tremblay, 2012), it is clear that accounting for ﬁber crossings
is important.
Other studies have also proposed analysis and/or acquisition
methods to improve tracking of the AF through edema or crossingﬁbers
in neurosurgical patient data. Kuhnt et al. (2013) demonstrated that
compressed sensing could be used to reconstruct high angular resolu-
tion (HARDI) ﬁber models and improve tracking of the AF in neurosur-
gical patients. Both our study and theirs were performed using similar
clinical scans of around 30 directions at a b-value of 1000 s/mm2, and
acquisition times under 15min. Their studywas not speciﬁcally focused
on edema, however they did report improved ﬁber tracking in those pa-
tients with edema. In contrast to our study, they employed sharpened
spherical harmonics to model the ﬁber orientations at each voxel
(Descoteaux et al., 2009), a method that, in a recent comparison,
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tract endpoints reaching expected anatomical areas (Baumgartner et al.,
2012). The results of both studies indicate that the standard b-value for
routine clinical imaging (b= 1000 s/mm2) may be sufﬁcient for tracing
theAF,when combinedwith sophisticated processing. Another study by
Zhang et al. (2013) employed standard clinical b = 1000 s/mm2 data
(with 25 directions), but applied generalized q-sampling reconstruction
(amethod expected to be applicable only for high b-valuemultiple shell
data). Some limited improvements were found in edematous regions.
Others have investigated the problem of edema by modeling
diffusion compartments or free water. McDonald et al. (2013) used
high b-value restriction spectrum imaging data to estimate tensors cor-
responding to the restricted diffusion compartment, a part of themodel
that was not expected to include edema. Pasternak et al. (2009) pro-
posed an algorithm that estimates freewater fromdiffusionMRI obtain-
ed by conventional DTI acquisitions, enabling better estimation of FA in
areas of partial volume effect near ventricles, or in edema. The free
water model is a second tensor that is isotropic, with eigenvalues
equal to the diffusivity of free water. In contrast, the two-tensor UKF
model used in this study employs two ﬁve-parameter tensors (where
there are ﬁve instead of six parameters because the smaller two eigen-
values aremodeled as equal) (Malcolm et al., 2010). In our experiments
presented here, the two-tensor model appeared ﬂexible enough to
model the edema in addition to any crossing ﬁbers affecting the AF,
and in future studies it would be of interest to test the combined two-
tensor model and the free-water model within the UKF framework.
Fiber tracking in the setting of peritumoral edema is of particular in-
terest for neurosurgical planning for resection of tumorswith signiﬁcant
edema. It would beneﬁt neurosurgeons to be aware that if conventional
DTI tractography cannot trace the AF through edema, it does not mean
that the AF is totally destroyed, particularly for patients without appar-
ent language functional impairment. However, increased sensitivity for
tracking anatomical structures has the potential to inﬂuence surgery to
be more conservative, in the sense that less tissue may be removed. In
general, it is best for the surgeon to have the most accurate information
possible and thenmake a judgment about what the meaning of that in-
formation is.
It is worth noting that high grade tumors are very aggressive patho-
logical processes and the peritumoral T2 signal change can be attributed
not only to increased water content, but also to tumor cell inﬁltration.
The extent of tumor cell inﬁltration is difﬁcult to deﬁne based on imag-
ing (Eis et al., 1994). Because our current study includes only one high-
grade glioma patient, the current results cannot be interpreted as relat-
ing to inﬁltration. Rather, they demonstrate only that UKF tractography
could improve tracking through regions of edema.
Wemeasured volume,which does not directly indicate that the AF is
functional, is connected to language areas, or is healthy. However, it
does indicate what spatial extent of the tract was able to be traced by
each algorithm, and it is a popular anatomical tract measure for AF re-
search (Forkel et al., 2014; Fletcher et al., 2010; Propper et al., 2010;
Matsumoto et al., 2008; Li et al., 2013; Halwani et al., 2011). The volume
of the AF has been shown to relate to clinical outcomes, such as aphasia
recovery (Forkel et al., 2014). Thus the AF volume is a relevant parame-
ter for comparison of tractography methods.
The potential for false positives is an important consideration with
all tractography methods (Ciccarelli et al., 2008). The current manu-
script focuses more on the issue of avoiding potential false negatives,
such as when a tract cannot be traced (Zhang et al., 2013). There are
many ways to ﬁt a diffusion or ﬁber model to the data, and the
biexponential model ﬁt used in UKF is not a unique solution, however
themethod does ﬁt the data with very low error. It is important to clar-
ify that the UKF method does not in fact “bypass” any data; it uses the
prior model ﬁt as an initial condition for ﬁtting the model to the data
at a new location. It takes many small steps within each voxel so that
the model adapts to the local data. The UKF method does ﬁt the data
with very low error, however issues such as partial voluming (Lazaret al., 2003) or the topic of this study, edema, are known to reduce con-
ﬁdence in ﬁber tract orientations (Assaf and Pasternak, 2008).
Although this study shows obvious advantages regarding two-tensor
UKF tractography, certain limitations of the study should be mentioned.
First, the two-tensorUKF tractography algorithm ismore computationally
intensive than the single-tensor streamline tractography approach, so
the execution time of the method is greater and it requires more
computational resources. When tested on a regular desktop computer
(Intel®Xeon CPU 3.10 GHz × 4; 15.6 GiB Memory; 2014), it took
22–30 min to run per patient. Second, although the two-tensor
tractography technique appears to be much more robust than the
single-tensor technique, considering that there is no gold standard for
validation, the possibility of false positives should be taken into account.
Thus the neurosurgeon should carefully interpret the results of
tractography in the context of anatomical knowledge. Third, an important
line of research is to validate preoperativeﬁber trackingwith the aid of in-
traoperative stimulation, such as the subcortical stimulation used recently
formotor tract validation (Mandelli et al., 2014). However, intraoperative
subcortical stimulation is not used routinely in our department and was
not available for this retrospective study. Fourth, diffusion imaging and
tractography are not able to differentiate between functional and non-
functional tracts, nor between purely edematous versus inﬁltrated tracts.
Finally, the UKF two-tensormodel is not a biophysicalmodel, and as such,
there is no edema-speciﬁc model. Future work will assess the effect of a
free-water model, an additional tensor with diffusivity ﬁxed to that of
freewater, in tracking through edema. However, as this free water tensor
is spherical, it is not expected to have a large impact on estimation of ﬁber
orientations; rather itmay improve the other tensorﬁts by decreasing the
inﬂuence of edema (Pasternak et al., 2009).
5. Conclusion
Diffusion imaging tractography is increasingly used to trace critical
ﬁber tracts in brain tumor patients. We have demonstrated that the
two-tensor UKF tractography method can trace a larger volume AF
than single-tensor streamline tractography in the setting of peritumoral
edema. Although the two-tensor UKF tractography algorithm shows
promise in reconstruction of the AF for neurosurgical planning, themeth-
od is still under active development and requires further validation.
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